TP53 mutations have been associated with anaplasia in Wilms tumour, which conveys a high risk for relapse and fatal outcome. Nevertheless, TP53 alterations have been reported in no more than 60% of anaplastic tumours, and recent data have suggested their presence in tumours that do not fulfil the criteria for anaplasia, questioning the clinical utility of TP53 analysis. Therefore, we characterized the TP53 status in 84 fatal cases of Wilms tumour, irrespective of histological subtype. We identified TP53 alterations in at least 90% of fatal cases of anaplastic Wilms tumour, and even more when diffuse anaplasia was present, indicating a very strong if not absolute coupling between anaplasia and deregulation of p53 function. Unfortunately, TP53 mutations do not provide additional predictive value in anaplastic tumours since the same mutation rate was found in a cohort of non-fatal anaplastic tumours. When classified according to tumour stage, patients with stage I diffuse anaplastic tumours still had a high chance of survival (87%), but this rate dropped to 26% for stages II-IV. Thus, volume of anaplasia or possible spread may turn out to be critical parameters. Importantly, among non-anaplastic fatal tumours, 26% had TP53 alterations, indicating that TP53 screening may identify additional cases at risk. Several of these non-anaplastic tumours fulfilled some criteria for anaplasia, for example nuclear unrest, suggesting that such partial phenotypes should be under special scrutiny to enhance detection of high-risk tumours via TP53 screening. A major drawback is that these alterations are secondary changes that occur only later in tumour development, leading to striking intratumour heterogeneity that requires multiple biopsies and analysis guided by histological criteria. In conclusion, we found a very close correlation between histological signs of anaplasia and TP53 alterations. The latter may precede development of anaplasia and thereby provide diagnostic value pointing towards aggressive disease.
Introduction
Wilms tumour (WT) or nephroblastoma is the most common paediatric renal tumour, affecting about 1/10 000 children before the age of 15 years, with a median age of approximately 3.5 years [1] . With current treatment strategies, overall survival rate is about 90%, but is strongly dependent on the histological subtype and tumour stage [2] . In Europe, patients are treated according to International Society of Paediatric Oncology (SIOP) protocols [3] . These usually include preoperative chemotherapy, followed by surgery, adjusted postoperative chemotherapy and in some cases radiotherapy, stratified by tumour stage and histology.
Wilms tumours are histologically diverse, with variable contributions of blastemal, stromal, and epithelial elements. While stromal or epithelial subtype, mixed (triphasic) and regressive tumours are classified as intermediate risk, blastemal subtype, and those containing diffuse anaplastic elements are assigned to the high-risk group after preoperative chemotherapy. While patients with low and intermediate risk tumours have 88% 5-year event-free and 92% overall survival, event-free survival for patients with anaplastic WT is only 42% and overall survival about 48%. Patients with blastemal predominant tumours show 58% event-free survival and overall survival of 84%, respectively [2, 4, 5] .
Anaplastic Wilms tumours account for 5-8% of all WTs [6] [7] [8] and are equally associated with adverse outcome in both the SIOP as well as the North American COG histological classification system, which is based on upfront surgery. Diffuse anaplasia especially carries a strongly elevated risk for relapse and fatal outcome, while focal anaplasia, on the other hand, is classified as intermediate risk, but it can be speculated whether this represents a quantitative or qualitative mechanistic difference [9] .
The anaplastic variant of Wilms tumour is known to be associated with TP53 mutations [10] . Nevertheless, this correlation of histology and mutation does not include all anaplastic tumours. Rather, evidence for TP53 mutation has been found in only 48-55% of anaplastic cases, with another 11% having suspicious loss of chromosome 17p [11, 12] . On the other hand, we have found TP53 mutations in tumours with sometimes inconclusive or even missing features of anaplasia [13] , but this has not been studied systematically in non-anaplastic WT. Furthermore, it is unclear whether TP53 alterations or histologically defined anaplasia will be the more relevant parameter for risk stratification.
Therefore, we characterized the TP53 status in a larger cohort of fatal Wilms tumour cases irrespective of histological subtype. In addition, anaplastic tumours of surviving patients were analyzed to evaluate the prognostic relevance of TP53 mutations.
Material and methods

Patients and samples
All cases were obtained from the German SIOP93-01/ GPOH and SIOP2001/GPOH studies. All subjects (or their parents) provided written consent for tumour banking and future research use according to national regulations including ethical approval (Ethikkommission der € Arztekammer des Saarlandes. Germany; No.: 23.4 .93/Ls and No.: 136/01). For fatal cases, only those classified with 'death of disease' were included. Surviving patients had at least 2 years of follow up.
The histotype was based on reference and/or panel pathology. Genomic DNA of tumour and corresponding normal kidney tissue was isolated from either formalinfixed, paraffin-embedded (FFPE) or snap frozen material stored at 270 8C using QIAamp and AllPrep kits (QIAGEN, Hilden, Germany), or from white blood cells as described previously [14] .
Histological analysis of FFPE material
For FISH analysis and immunohistochemistry, we constructed tissue microarrays containing two 1.5 mm punches of tumour tissue per case. In cases with diffuse or focal anaplasia, one anaplastic region and -if present -a non-anaplastic tumour region were punched out. For mutation screening, anaplastic and nonanaplastic tumour regions were macrodissected.
DNA sequencing
Exons 4-10 of the TP53 gene were amplified individually from genomic tumour DNA with primers described in supplementary material, Table S1 . For FFPE material, nested PCR with 30 plus 35 cycles was employed to improve yield. Amplified fragments were sequenced using primers indicated in supplementary material, Table S1 by Sanger sequencing (GATC, Konstanz, Germany).
The web-tools Provean [15] (http://provean.jcvi. org), Sift [16] (http://sift.jcvi.org), and PolyPhen-2 [17] (http://genetics.bwh.harvard.edu/pph2) were used to predict effects of missense mutations. The TP53 reference sequence was taken from the TP53 database (R18).
Copy number variation analysis
Copy number variations (CNVs) of chromosome 17p were analyzed in DNA from frozen tumour material by multiplex ligation-dependent probe amplification (MLPA) using the P380-X2 kit (MRC-Holland, Amsterdam, the Netherlands), and data were analyzed with the Coffalyzer software (MRC-Holland).
For FFPE material, CNVs were analyzed by FISH using 3 mm thick tissue microarray sections according to standard procedures [18] . The SPEC TP53/CEN17 Dual Color Probe kit (ZytoVision, Bremerhaven, Germany) containing a specific probe for TP53 and the reference probe CEN17 was used to score deletions of TP53. Fifty to hundred non-overlapping nuclei were counted. Deletions were defined as TP53 copy number loss in more than 50% of counted tumour cells. Monosomy was assumed if more than 50% of nuclei showed only one centromere and one TP53 signal [19] .
Immunohistochemistry
Immunohistochemistry (IHC) analysis of p53 expression was performed on 2 mm sections mounted on glass slides in a Leica Bond-Max automated immunostainer (Leica Microsystems Inc., Bannockburn, Ireland). Heat-induced epitope retrieval was performed with high-pH buffer (Leica) for 20 min. The p53 specific antibody DO7 (Leica Biosystems, Wetzlar, Germany) was diluted 1:100 and incubated for 30 min, followed by the Leica polymer (15 min). Diaminobenzidine was used as the chromogen with subsequent light haematoxylin counterstain.
Results
TP53 alteration in fatal WT cases
A set of 86 tumour samples from 84 unselected fatal cases (including two bilateral tumours) was collected from the German GPOH/SIOP 93-01 and 2001 studies. In all instances, the patients had died from progressive disease on average 2.2 (0. 4-8.5) The TP53 gene was analyzed by sequencing of exons 4-10 including splice junctions that encompass 98.55% of reported mutations [20] . TP53 mutations were found in 46% (39/84) of fatal cases. These included missense, nonsense, and splice mutations as well as small indels ( There was no difference in TP53 status with respect to sex, tumour stage, or presence of metastases at diagnosis. All deceased patients died from recurrent disease. Patients with TP53-mutant tumours (median age 67.5 months, range 15-288) tended to be older at diagnosis compared to those with wildtype TP53 (median age 56.8 months, range 11-173), but this did not reach statistical significance ( Figure  2 ). It may be due to the distribution of histological subtypes as 64.4% of the mutant group had DA, which is known to preferentially occur at an older age [9] .
TP53 in anaplastic WT from survivors
The strong link between anaplasia and TP53 alterations in the cohort of fatal cases raised the question whether these are equally frequent in non-fatal anaplastic Wilms tumours. We therefore analyzed samples from 31 surviving patients diagnosed with FA (9 cases) or DA Wilms tumour (22 
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>2 years of follow-up (Table 1) . Pathology review ensured the presence of anaplastic cells specifically in the tumour sections analyzed. Single nucleotide variants (SNVs) or small indels were detected in 25 tumours. Two additional cases showed p53 immunostaining despite wildtype TP53 sequence, while one case had lost one TP53 copy based on FISH (Table 1) . Overall, TP53 was affected in 90% (28/31) of non-fatal anaplastic WT. Only two FA and one DA tumour lacked alterations detectable by our tests.
Thus, among the high risk cohorts of DA-WT there was no difference in the frequency of TP53 alterations between surviving and fatal cases (21/22 in survivor versus 29/30 in fatal groups). However, tumour stage appeared to be crucial for survival (Mann-Whitney test p 5 0.002): the majority of surviving patients with DA-WT had stage I disease, while most deceased patients were diagnosed with stage II, III, or IV (Figure 3 ). For FA-WT, there were more survivors, but numbers were too small to draw conclusions.
Intratumour heterogeneity
The possibility of intra-tumour heterogeneity is well known in Wilms tumours. While many genetic events -presumed to be initiation lesions -are found uniformly in all biopsies, alterations in WTX or 1q gain are quite heterogeneous upon multiple sampling [21, 22] . To assess if TP53 alterations are early events affecting all tumour cells or occur in tumour subclones only at later time points, we analyzed multiple specimens (median 3) from 23 mutant tumours (Table 2 ). The presence of anaplastic cells was reexamined by reference pathology.
In five tumours, all regions tested showed anaplasia and consistently exhibited TP53 alterations. Areas with and without anaplastic cells were found in 18 patients. In 13 of these tumours, TP53 alterations were present in anaplastic regions only. In contrast, in four tumours even regions without signs of anaplasia contained TP53 mutations and, in one patient, some of the anaplastic regions appeared to lack TP53 alterations. Six of eighteen tumours were subjected to macrodissection of paired anaplastic and nonanaplastic regions from the same histological sections. In these macrodissected specimens, TP53 mutations were clearly restricted to anaplastic regions.
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One patient with variable presence of TP53 alterations presented with a DA tumour in the left kidney and contralateral perilobar nephrogenic rests (PLNR) followed by a relapse with multiple lymph node metastases. Mutations (exon 10 indel) were absent from the PLNR, but present in anaplastic specimens and in metastases with anaplasia ( Figure 4) . Interestingly, two distinct frameshift mutations (E336fs*4 and E346fs*4) were found in different regions of the anaplastic tumour, indicating late and independent development of TP53 alterations.
We could analyze primary and relapse/metastasis material of seven patients. Both carried the same TP53 mutation in five patients and in one patient only relapse material carried mutant TP53. In one case, all samples lacked TP53 alterations. Thus, TP53 alterations were found primarily, but not exclusively, in anaplastic areas.
Significance of p53 alterations
In the two cohorts of 117 tumours in total, we identified 73 cases with alterations affecting the TP53 gene or protein ( Figure 5A ). In 64 tumours, TP53 mutations, either SNVs or indels, were detected. CNVs as ascertained by MLPA in frozen material or by FISH in FFPE sections could be analyzed in 97 of the tumours. Loss affecting one TP53 copy was seen more often in TP53-mutant tumours (37/59) than in samples without such mutations (5/38). The latter may still harbour alterations in flanking exons or introns that are not detected by our approach. The same may apply to the four p53-IHC positive samples that lacked sequence or CNV alterations. There was only a single tumour sample with a homozygous loss of TP53. TP53 sequence alterations included 50 missense, 6 nonsense, 9 frameshift, and 7 splice site mutations. Four homozygous splice mutant tumours were tested at the RNA level: three showed transcription of the mutant variant carrying intron sequences, while in the fourth only wildtype mRNA could be detected, perhaps due to nonsense-mediated decay and amplification of wild type transcripts from non-tumour cells. Four tumours presented with multiple mutations [R158H(hom) 1 G226D(het) 1 G245S(het) 1 R280K(hom), two compound heterozygotes R175H 1 R342* (het, CNV 2) and P151S 1 H179R (het, CNV1)].
Assessment of TP53 missense alterations using the prediction tools PolyPhen-2, Provean, Sift, and the TP53 database showed that the vast majority are expected to disrupt normal TP53 function (Table 3 ). In only two cases was there no clear-cut evidence for abnormal TP53 function, but both were restricted to macrodissected anaplastic regions: P309L is predicted as deleterious only by SIFT and S362N is described as neutral by all tools. Both are missing from the TP53 database, while all other missense mutations were recorded.
The distribution of mutations along the TP53 coding region was similar to the one described in the TP53 database ( Figure 5B ). The most frequent sites were R175H, G245S/D, R273C/H, and R342P. Seventy percent of mutations affect the DNA binding domain (DBD); another 28% specifically disturb the multimerization domain.
Control tissue was tested for 52 of 64 mutant cases. Only one patient carried a germline mutation (R267W) that may cause Li-Fraumeni syndrome (patient was previously diagnosed with neurofibromatosis type I).
Effects on p53 stabilization
Deregulation of TP53 function in mutant tumours was corroborated by immunostaining of FFPE or frozen sections of all TP53-mutant tumours (for two samples no additional material was available). Furthermore, 31 non-mutant tumours were stained to check for other p53 stabilizing effects. Four of these tumours showed p53 stabilization despite the presence of a wildtype sequence.
The effects of TP53 missense mutations were position dependent. The four most common (R175H, G245S/D, R273C/H, R342P) and several other deleterious missense mutations led to p53 accumulation, as did the in-frame deletions N131, R175_C176, L252_I254, and G334_R337. On the other hand, tumours with G105V, L194R, and G226S and, unexpectedly, two of the R273H cases showed almost no p53 positive cells. The tumours with predicted neutral mutations (P309L, S362N) likewise lacked p53 staining. The splice mutations led to very weak or absent p53 staining and the effect of stop mutations was position dependent: p53 staining was missing for stops up to amino acid 268, while stabilization was seen with stop mutations at 303 and beyond.
IHC staining of tumours with the frequent stabilizing TP53 mutations revealed a striking specificity: strong p53 signals were detected in regions with anaplasia, while corresponding non-anaplastic regions with wildtype TP53 sequence were p53 negative ( Figure 6 ). This further supports the strong link between mutation and anaplasia as seen in macrodissected samples.
Discussion
Even though TP53 is frequently mutated in human cancer, mutations have rarely been reported in Wilms tumour in general, but they are considered pathognomonic for the infrequent anaplastic subtype. In a previous screen of blastemal type tumours, we had identified a significant fraction carrying TP53 alterations, but several of these cases did not fulfil diagnostic criteria for anaplasia upon re-examination [13] . Nevertheless, these TP53 alterations were tightly linked to aneuploidy and chromothripsis. Given the very high lethality in this subset, we decided to analyze a larger cohort of tumours with fatal outcome to determine the prognostic relevance of TP53 status in WT and to reevaluate the restriction of TP53 alterations to the anaplastic subtype.
TP53 mutation rate and heterogeneity
Our data show that the vast majority of DA tumours (87%, 45/52) carry SNVs and indels of TP53, independent of later survival. A high mutation rate was also found in tumours with only focal anaplasia (73%, 8/11). This is much higher than mutation rates of about 50% reported in prior studies [11, 12] . There is likely no ascertainment bias due to our initial focus on tumours with lethal outcome, since we found similarly high mutation rates in fatal as well as longterm surviving anaplastic cases.
Testing of just a single sample of bulk tumour tissue may be an important difference in earlier analyses. We likely increased the sensitivity by multiple sampling in many cases and through dissection of anaplastic regions. Our data clearly indicate that neighbouring non-anaplastic tumour tissue frequently lacks TP53 mutations. This is not based only on sequence analysis, since immunohistochemical Figure 6 . Immunohistochemical p53 staining of anaplastic and non-anaplastic regions of two tumours (#96 and #38) with common TP53 mutations (R175H and R273C respectively). Bar: 100 mm.
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staining confirmed that TP53 alterations may be restricted to small anaplastic regions that can easily be missed when single biopsies or bulk tumour material are analyzed. The striking heterogeneity is consistent with data from the recent study on TP53 mutations in DA-WT [11] , where mutations were revealed only by deep sequencing in 2/22 cases. This also fits with a previous report on pre-chemotherapy biopsies describing frequent failure to detect anaplastic features, while anaplasia was more readily diagnosed in postchemotherapy nephrectomy specimens [23] .
The value of multiple biopsies in Wilms tumours has been demonstrated by Cresswell et al [21] : while alterations of 11p15 tended to be present in all biopsies from a given tumour, occurrence of 1q gain was quite heterogeneous, similar to our data on WTX mutations [22] . Thus, TP53 alterations clearly belong to the class of late, progression type mutations affecting just a fraction of tumour cells that may only be revealed by multiple sampling.
TP53 deletions
Many TP53 mutations act in a dominant-negative manner, with heterozygous mutations being fully effective [24, 25] . Only a small number of tumours in our cohort harboured two or more TP53 mutations, the phase of which is not known. In addition, we detected 17p loss in about 63% (37/59) of mutant tumours, even if this may be secondary to p53-dependent genome instability. Thus, inactivation of both copies is frequent, but apparently not a prerequisite for oncogenic action. These numbers almost match the rates of 17p loss in 20/25 and 42/53 anaplastic TP53 mutant tumours reported previously [11, 12] . The difference may be due to reduced sensitivity in our testing of FFPE material, since the reference FISH probe used (CEN17) may lead to an underestimation of TP53 loss if the entire chromosome is lost.
IHC-only p53 alterations
Besides sequence alteration and copy number loss of TP53, disruption of the p53-pathway may occur via other affected pathway members. In our cohort, four tumours exhibited stabilized p53 by IHC despite a wildtype DNA sequence, suggesting the presence of rare mutations in flanking genomic regions or pathway activation by other means. Indeed, the analysis of seven TP53 wildtype anaplastic Wilms tumours by Ooms et al [12] suggested that the p53 pathway can be activated in the absence of mutations in p53-pathway genes. This clearly demonstrates that despite the strong correlation of histology and genetics, only one of the methods may yield positive results in difficult cases.
TP53 and Wilms tumour stratification
As patients with DA tumours carry a high risk for relapse and fatal outcome, the p53 status is a prime candidate to further improve clinical risk stratification. In our cohort of anaplastic Wilms tumours, the rate of TP53 alterations was very high in both groups (96% in fatal versus 90% in surviving group) and thus not predictive of adverse events or death. Tumour stage was the only relevant prognostic factor, which has already been established previously [4] . In contrast, mutant TP53 correlated with increased recurrence and risk of death, irrespective of tumour stage in the study by Maschietto et al [11] . Ooms et al [12] reported no difference in outcome for stage I/II DA-WT patients, but p53 abnormalities correlated with worse overall survival for patients with stage III/IV disease. It is difficult to reconcile these data, but differences in detection rates with the possible unmasking of anaplasia after pre-operative chemotherapy in our samples may add to this discrepancy.
The strong influence of stage on patient outcome suggests that TP53-mutant tumours are more resistant to current chemotherapy and only complete surgical resection is able to control them. Any growth into neighbouring tissues or vessel ingression, even without clinically detectable remnants or spread, increases the risk of relapse and progression. Given the histological heterogeneity, it may be worthwhile in future to assess if the estimated volume of the anaplastic compartment of a tumour may help to better predict outcome, similar to the predictive value of blastemal volume for event-free survival [26] .
Histological criteria and the continuum of TP53 phenotypes
While anaplastic tumours were predominantly affected, TP53 alterations were also observed in 16/ 52 fatal non-anaplastic Wilms tumours, preferentially in blastemal type WT (7/17, 41%). Thus, it would be worthwhile to test whether p53 status is informative in this second group of high risk Wilms tumours. In a prior study, we detected TP53 alterations in 7/58 blastemal WT by exome sequencing and all of these patients died due to disease [13] , while neither TP53 mutation nor 17p loss were reported in the exome analysis of 77 North American favourable histology WT [27] . These findings point to blastemal type tumours as primary targets for testing.
A highly relevant question relates to histological coverage and criteria. The presence of partial features of anaplasia in some of the blastemal tumours in our prior study suggests a continuum of TP53-induced histological changes that may be more difficult to assess if present in small quantity or only partially penetrant. Non-anaplastic tumours may contain p53 mutant subclones that do not meet all criteria of anaplasia, but can subsequently develop a full anaplastic phenotype. This is supported by the detection of nuclear unrest in two triphasic tumours with TP53 alterations. Nuclear unrest, defined by enlarged, hyperchromatic nuclei without multipolar mitotic figures, is more common in stage I/II disease than in stage III/IV [28] . Interestingly, these patients had intermediate event-free survival between favourable histology and anaplastic WT, but overall survival was equal for the nuclear unrest and favourable histology groups. This step-wise evolution of anaplasia from TP53 mutant, but phenotypically inconspicuous, cells is in line with p53 positive staining being not just limited to anaplastic cells, but also present in a larger surrounding area without anaplasia. Thus, TP53 screening could enhance the sensitivity of high-risk subtype detection.
Future diagnostic approaches
The strong correlation of TP53 alterations and anaplasia as the prime adverse predictor in Wilms tumours strengthens their causal mechanistic link. The presence of TP53 mutations in blastemal type and even in intermediate risk histology tumours supports the addition of TP53 screening to the diagnostic workup, but the striking heterogeneity calls for multiple sampling of tumours. It also classifies TP53 alterations as progression markers indicating the development of a more malignant and difficult to treat subpopulation of tumour cells. With falling costs of sequencing, there may be a rationale to consider liquid biopsies, which hold the promise to provide a global picture of an entire tumour, including mutations present in only a fraction of cells. The genetic instability in p53-impaired tumour cells may lead to higher rates of cell death with concomitant release of cell-free DNA into the circulation, favouring their detection.
